Vertebrate vision begins when retinal photoreceptors transduce photons into electrical signals that are then relayed to other neurons in the eye, and ultimately to the brain. In rod photoreceptors, transduction of single photons is achieved by a well-understood G-protein cascade that modulates cGMP levels, and in turn, cGMP-sensitive inward current. The spatial extent and depth of the decline in cGMP during the single photon response (SPR) have been major issues in phototransduction research since the discovery that single photons elicit substantial and reproducible changes in membrane current.The spatial profile of cGMP decline during the SPR affects signal gain, and thus may contribute to reduction of trial-to-trial fluctuations in the SPR. Here we summarize the general principles of rod phototransduction, emphasizing recent advances in resolving the spatiotemporal dynamics of cGMP during the SPR.
OVERVIEW OF ROD PHOTOTRANSDUCTION
The conversion of light energy into electrical signals in rod and cone photoreceptor cells of the retina is the first step in vision. When photoreceptors die, as in diseases such as retinitis pigmentosa or age-related macular degeneration, the otherwise intact visual system loses its normal input, and vision is lost. Fundamental properties of rods and cones, including photon capture efficiency, amplification, kinetics, and spectral sensitivity, strongly constrain the information relayed to the rest of the visual system and ultimately experienced as brightness, form, color, motion, etc.
Night vision under the almost 1000-fold illumination range from starlight to full moonlight operates on a diet literally starved for photons (Burns and Pugh, 2014) . All aspects of vision under such nighttime conditions are governed exclusively by signals arising from rods, which generate highly reliable changes in membrane current in response to the absorption of single photons (Baylor et al., 1979b) These single photon responses (SPRs) are driven by a chain of biochemical reactions ("phototransduction") that transduce photon absorption into changes in the intracellular concentration of cGMP, which through its actions on cGMP-sensitive ion channels enables this exquisite sensitivity to light.
The proteins and signaling pathways underlying rod phototransduction are highly conserved across vertebrates, and in many species the key proteins involved are amenable to efficient biochemical purification and in vitro assays. From decades of biochemical work, we know much about the identity, stoichiometries, binding interactions, and even the structure of most of the proteins required for signaling. For example, we know that a photon of appropriate energy excites the G-protein coupled receptor, rhodopsin, which in turn activates many copies of the G-protein transducin (Gα t β 1 γ 1 ). Each activated Gα t stoichiometrically activates cGMP phosphodiesterase (PDE6), leading to the fall in cGMP concentration. This fall in cGMP causes cyclic nucleotide-gated (CNG) channels on the plasma membrane to close, leading to the reduction of inward cation current (and intracellular free Ca 2+ levels) and ultimately, membrane hyperpolarization that reduces the synaptic release of glutamate. Timely restoration of the current requires synthesis of cGMP by guanylate cyclases and deactivation of rhodopsin and G-protein/PDE molecules.
The rates of many of these steps can be investigated physiologically in intact rods using suction electrode recording (Baylor et al., 1979a) , where the enzymes and substrates are present in their natural concentrations and the membrane current reflects the concentration of cGMP with millisecond precision. With the wide availability of genetically manipulated phototransduction proteins (Fu and Yau, 2007; Burns and Pugh, 2010) , mouse rods have become a particularly valuable preparation for investigating the spatiotemporal dynamics of cGMP signaling.
STRUCTURAL AND BIOCHEMICAL CONSTRAINTS ON cGMP SIGNALING IN RODS THE SPATIAL SPREAD OF cGMP SIGNALING IS RESTRICTED BY THE INTRACELLULAR DISKS
The nature of the disk stack Phototransduction occurs within a specialized cylindrical subcellular compartment, the outer segment, which is exclusively devoted to absorbing and transducing photons ( Figure 1A) .
The outer segment is filled with a dense stack of proteinrich lipid membranes called disks ( Figure 1B) . The disks house the membrane-associated enzymes of the cascade, including rhodopsin, transducin, phosphodiesterase (PDE), guanylate cyclase as well as regulatory proteins like rhodopsin kinase (GRK1) and the RGS9 complex (below). The abundance of rhodopsin in the disk membranes (25,000-30,000 μm −2 ) and the large number of densely stacked disks (30 μm −1 ) create a high axial absorbance, insuring that a large proportion of incident photons are captured. The density of transducin and PDE is sufficient to insure high diffusional encounter rates, allowing transduction of a single photon to be rapid and strongly amplified (Pugh and Lamb, 1993) .
While the primary cascade enzymes -photoexcited rhodopsin (R * ), and transducin-activated PDE (E * ) -are confined to the disk membrane surface where a photon has been captured, the second messengers cGMP and Ca 2+ are cytosolic, and can diffuse both radially and axially in the outer segment. Cytosolic diffusion in rods equilibrates much more rapidly in the radial direction than in the axial or longitudinal dimension (Lamb et al., 1981; Olson and Pugh, 1993) . As a consequence, diffusion of cGMP in the rod can be characterized by an effective FIGURE 1 | Generation of cGMP spatiotemporal dynamics by the phototransduction cascade of retinal rods. (A) Schematic of a rod photoreceptor, highlighting the light-sensitive outer segment compartment (bracket) containing stacks of intracellular membranous disks and a hypothetical photon absorption (green asterisk) occurring in the middle of the outer segment's length (x o ). (B) The primary enzymes responsible for generation of cGMP dynamics are located on the intracellular disk membranes, separated from the cGMP-sensitive channel (CNG) and Na + /Ca 2+ , K + exchanger located on the plasma membrane. Photon absorption (green asterisk) by a rhodopsin molecule (Rh) activates multiple G-proteins (G) and cGMP phosphodiesterases (PDE), which are unable to diffuse longitudinally within the rod due to their tight association with the disk membrane. PDE activation in effect produces a point sink for decline in cytoplasmic cGMP along the rod longitudinal axis. The cGMP level is restored by guanylate cyclase activity (GC). (C) The fall in cGMP [relative to the dark level, (cGMP) D ] as a function of distance from the site of photon absorption (x o , green asterisk) could be either shallow and broad (dashed purple curve) or deep and narrow (dotted blue curve), with markedly different consequences for signal reproducibility and linearity (see text).
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www.frontiersin.org longitudinal diffusion coefficient (D cG ). Because the disks occupy more than 95% of the cross-section of the outer segment, they retard axial diffusion 20-fold or more below its value in unobstructed cytosol (Lamb et al., 1981; Cameron and Pugh, 1990; Olson and Pugh, 1993; Holcman and Korenbrot, 2004) . Whether the fall in cGMP is relatively shallow but spatially widespread or deep and spatially restricted ( Figure 1C ) fundamentally affects rod signaling, including the degree to which fluctuations in biochemical processes elicit electrical fluctuations and the range over which rods can linearly sum concurrently absorbed photons. This question has been addressed many times experimentally and theoretically, and the results are summarized below.
Variations in ultrastructure cause D cG to vary between the rods of different species. Outer segments of toads and salamanders have far larger diameters (6-15 μm) than those of their mammalian counterparts (1-2 μm). In addition, rod disks have narrow radial gaps called"incisures"that tend to be aligned axially (Cohen, 1963) and greatly facilitate longitudinal diffusion. The length and number of incisures vary across species, ranging from 1 in mouse and human peripheral rods, to 18 or more in tiger salamander rods (Olson and Pugh, 1993) .
Estimates of D cG have been made from optical measurements of the diffusion of fluorescent compounds, including fluoresceincGMP (Olson and Pugh, 1993; Holcman and Korenbrot, 2004) , and from electrical measurements of cGMP-activated current in dialyzed rods (Cameron and Pugh, 1990; Koutalos et al., 1995a,c; Wu et al., 2006) . For the largest diameter rods (salamander), D cG was found to be 5-10 μm 2 s −1 (Cameron and Pugh, 1990; Olson and Pugh, 1993) , while for narrow mouse rods, ∼40 μm 2 s −1 (Holcman and Korenbrot, 2004; Gross et al., 2012b) . D cG is, however, only one of several factors governing the spatial profile of cGMP depletion during the SPR, as we now discuss.
THE SPATIAL EXTENT AND DEPTH OF LOCAL cGMP DEPLETION DURING THE SINGLE PHOTON RESPONSE
Direct measurement of the axial spread of cGMP or Ca 2+ during the SPR is challenging, because most light used for imaging strongly activates phototransduction. As a consequence, measurements based on the analysis of electrophysiological data have provided the primary body of evidence. Though such measurements are indirect, they are simplified by the lack of voltage-dependence of the rod cGMP channels and the absence of other significant outer segment currents. One experimental approach involves using slits or small spots to deliver light stimuli to different locations in the outer segment while recording the membrane current. Such experiments have yielded conflicting results, with some authors concluding that during the SPR cGMP falls only slightly from its resting level over a large spatial extent (Hemilä and Reuter, 1981; Field and Rieke, 2002) , while others concluded that the change is highly localized (Lamb et al., 1981; Gray-Keller et al., 1999) . Discrepancies between experiments might be expected because they were performed on rods of different species with distinct outer segment morphology and cGMP diffusion coefficients (see above).
A steady-state measure of the spatial spread of cGMP signaling in mouse rods A recent investigation (Gross et al., 2012b) determined the spatial spread of the cGMP signal initiated by naturally occurring very long-lived "rogue" R * 's, which produce SPRs that are step-like in shape (Baylor et al., 1984) . For such SPRs, the spatial profile of cGMP is in steady-state. The cGMP concentration declines as a function of distance from the "point sink" of PDE activity and is predicted by a straightforward analytic expression:
Here cG(x) represents the cGMP concentration at axial position x along the outer segment , cG dark the uniform concentration in the rod in darkness, x 0 the location of photon absorption, λ = √ D cG /β dark the space constant of the cGMP profile, and C a constant that depends on known parameters of rod geometry and the measured lifetime of E * . The parameter β dark is the rate constant of spontaneous cGMP hydrolysis in the outer segment in the dark, determined to be 4.1 s −1 in mouse rods (Gross et al., 2012b) . This mathematical description of the cGMP spatial profile can be converted into the expected change in outer segment current by substituting the well-established relationship between cGMP and channel gating (see Eqs 2 and 3, below) into Eq. 1, and performing spatial integration over the length of the outer segment. Gross et al. (2012b) determined λ and C from experimentally measured, steady-state rogue SPR amplitudes, obtaining λ = 3.1 μm for the space constant and [1/(1+C)] = 0.61 for the depth of cGMP decline at x 0 . From the same analysis, D cG was estimated to be 40 μm 2 s −1 , remarkably close to the value 36 μm 2 s −1 estimated for rodent rods by Holcman and Korenbrot (2004) solely from geometric considerations. While this analysis of the spatial profile of cGMP during the SPR was based on the steady-state SPR amplitudes driven by "rogue" rhodopsins, the analysis provides a rigorous lower bound on the depth of the cGMP profile and an upper bound on the spatial extent. It also provides reasonable and consistent estimates of D cG and the composite transduction gain (Leskov et al., 2000; Heck and Hofmann, 2001) . Most importantly, the resulting values of the parameters β dark and D cG are valid generally, and are essential for constraining a spatiotemporal model that incorporates the normal lifetimes of R * and E * , as well as the effects of calcium feedback regulation to cGMP synthesis, as discussed in the following sections.
PDE CONTRIBUTES AMPLIFICATION TO THE SPR BUT ALSO SPEEDS SIGNALING AND LIMITS ITS RELIABILITY
R * is normally active for only a short time (∼40 ms; Gross and Burns, 2010) . However, during its brief lifetime R * activates transducins (G t ) at a high rate, ∼350 s −1 per R * in mammalian rods at body temperature (Heck and Hofmann, 2001 ). In turn, each G t activates a PDE, with the result that at the peak of the SPR, ∼10 E * are active (Gross et al., 2012b) . Despite this small number of E * , a sizable change in cGMP concentration is ensured because E * act upon cGMP in the relatively small volume of the interdiscal space, and each E * is a highly efficient enzyme. Thus, the PDE catalytic efficiency is k cat /K m = 4.4 × 10 8 M −1 s −1 (Leskov et al., Frontiers in Molecular Neuroscience www.frontiersin.org 2000) , which is close to the rate limit (∼10 9 M −1 s −1 ) set by cGMP diffusion to the PDE catalytic site (Reingruber et al., 2013) . Phosphodiesterase activity affects signaling in other ways, particularly in the dark-adapted rod, because PDE molecules occasionally become spontaneously active. First, this spontaneous or basal "dark" activity sets a threshold that must be overcome by the light-activated PDE activity generated by a single R * . Second, the reciprocal of the basal rate of PDE hydrolysis (1/β dark ) corresponds to the average lifetime of a cGMP molecule in the dark, and contributes to the speed of SPR recovery (Nikonov et al., 2000; Gross et al., 2012b; Reingruber et al., 2013) . Third, the basal hydrolysis rate determines the space constant of the cGMP spatial profile (see above. Eq. 1). Fourth, spontaneous PDE activity produces sizable fluctuations in the membrane current, termed "continuous noise" (Baylor et al., 1980; Rieke and Baylor, 1996) , which varies with the membrane density of the PDE in a manner that may compensate for differences in outer segment diameter (Reingruber et al., 2013) .
THE FALL IN cGMP IS SUFFICIENTLY SMALL TO MAXIMIZE THE GAIN CONFERRED BY COOPERATIVE CHANNEL GATING

CNG channel properties
Light-stimulated PDE activity decreases the cytoplasmic cGMP concentration, leading to closure of cGMP-gated (CNG) channels in the plasma membrane and reduction of the inward current they carry. The rod CNG channel is a heterotetramer comprising three α-and one β-subunit (Shuart et al., 2011) , and is permeable to Na + , K + , and Ca 2+ (Craven and Zagotta, 2006) . The α-subunit of the channel binds to the Na + /Ca 2+ -K + exchanger in the plasma membrane (Schwarzer et al., 2000) via glutamic acid rich proteinlike (GARP) domains, likely contributing to the spatiotemporal dynamics of internal calcium. Cytosolic GARP proteins (GARP-1 and GARP-2) are also of fundamental importance in the assembly of the outer segment structure and in stabilizing the disk rims (Korschen et al., 1999; Poetsch et al., 2001; Ritter et al., 2011) .
The conductance of CNG channels equilibrates with cGMP concentration within milliseconds (Cobbs and Pugh, 1987; Karpen et al., 1988) , so that the time course of the SPR is not limited by the response time of the channel, but rather tracks the changing local cGMP concentration. The cGMP concentration in the dark is 3-4 μM, low relative to the K 1/2 (∼20 μM) of the channels, so that most CNG channels are closed even in complete darkness. These features of the channel, as well as its relative insensitivity to voltage in the physiological range of membrane potentials (Bodoia and Detwiler, 1985; Baylor and Nunn, 1986) , have enabled investigation of phototransduction biochemistry via the electrical response. The gating of the CNG channel by cGMP is cooperative, as captured in the Hill relation that describes the dependence on cGMP of CNG current in a patch of outer segment membrane:
where J is current, cG is the concentration of cGMP, n the Hill coefficient and K 1/2 the half-saturating concentration. Early estimates of the Hill coefficient for the channel ranged between 1 and 3 (e.g., Fesenko et al., 1985; Haynes et al., 1986) . However, Ruiz et al. (1999) showed that the lower Hill coefficients were likely due to heterogeneity in sensitivity to cGMP (K 1/2 ) across the population of channels in any given patch. This heterogeneity leads to a more shallow dose response curve, resulting in underestimation of the true Hill coefficient. In single channel experiments, the Hill coefficient consistently was measured to be three, a value now widely accepted.
Contribution of cooperative gating to gain
In the living rod cG << K l/2 and so from Eq. 2 the CNG channel current density J cG (x)at any point x along the outer segment satisfies
where J dark is the axial current density in darkness. Thus, the contribution of the cGMP channel's cooperative gating to the gain of phototransduction is determined by the extent to which the local cGMP level falls during the SPR. If the fractional decline in cGMP is less than about 20%, the change in current will be amplified threefold relative to the fractional change in cGMP concentration.
On the other hand, if the local fractional decrease in cGMP exceeds ∼20%, the proportionality between the response amplitude and the overall decline in cGMP will fall short of three, effectively causing "saturation" of the local cGMP-mediated signal. The question of whether or not local saturation contributes to reduction of the trial-to-trial variability of SPRs has been addressed by experiments in toad (Rieke and Baylor, 1998) , guinea pig and monkey rods (Field and Rieke, 2002) , which concluded that complete local closure of channels is not a major factor limiting variability. In mouse rods, the local fall in cGMP at the peak of the SPR is normally less than 15% of the dark concentration (Gross et al., 2012b) primarily because of the rapid increase in cGMP synthesis, which we now describe.
CALCIUM FEEDBACK TO cGMP SYNTHESIS
Balance between cGMP synthesis and hydrolysis
In darkness there is a balance between cGMP synthesis and hydrolysis, leading to a steady level of cGMP (cG dark in Eq. 3). With the rate of synthesis identified as α dark and the rate constant of hydrolysis as β dark (see above), the steady-state cGMP concentration in darkness must satisfy
The basal rate of cGMP synthesis has been estimated from biochemical assays to be between 9 and 24 μM s −1 in dark-adapted mouse rod outer segments (Makino et al., 2008) . Given β dark = 4.1 s −1 (Gross et al., 2012b) , a synthesis rate of 9 μM s −1 corresponds to cG dark = 2.4 μM, while that of 24 μM s −1 corresponds to 6.6 μM. The former of these values is close to that (3.2 μM) estimated from experiments in salamander rods (Cameron and Pugh, 1990) .
Activation of guanylate cyclase by declining calcium
Activation of rhodopsin by light adjusts the equilibrium level of cGMP by stimulating not only cGMP hydrolysis, but also synthesis in an intricate feedback involving Ca 2+ . In darkness about 15% of the inward current through the CNG channels is carried by Ca 2+ , which is homeostatically pumped out by the Na/Ca-K exchanger (NCKX): closure of channels rapidly causes internal Ca 2+ to decline as its influx decreases and extrusion by NCKX exchange continues. Following light stimulation, recovery to the dark-adapted state requires not only deactivation of R * and E * , but also restoration of the dark concentration of cGMP, which is synthesized from GTP by retinal guanylate cyclase 1 and 2 (RetGC-1 and RetGC-2, "GC"; for review see Sharma, 2010) . The rate of cGMP synthesis depends strongly on intracellular calcium concentration (Koch and Stryer, 1988; Koutalos et al., 1995b) . This calcium dependence is conferred by guanylate cyclase activating proteins (GCAP-1 and GCAP-2), which are inhibited by calcium binding (Palczewski et al., 1994; Hurley, 1996, 1999; Ames et al., 1999) but disinhibited as calcium declines during the light response. The calcium dependence of cyclase activation by GCAPs follows a Hill relation with a Hill coefficient of ∼2 and an effective K 1/2 between 60 and 130 nM (Dizhoor and Hurley, 1996; Ames et al., 1999; Palczewski et al., 2000; Makino et al., 2008; Peshenko et al., 2011) . Mechanistically, calcium sensitivity is conferred by three functional EF-hands, while a fourth EF-hand does not bind calcium. In the dark-adapted outer segment when Ca 2+ is at its highest level, metal binding sites are occupied by calcium, and GCAPs are inhibited from activating GC. As Ca 2+ falls during the light response, these binding sites become occupied instead by Mg 2+ , which facilitates GC activation (Peshenko and Dizhoor, 2004) . The Ca 2+ /Mg 2+ sensor properties exhibit slightly different sensitivities for GCAP-1 and GCAP-2, likely contributing to their differential effects on the light response (Dizhoor et al., 2010) .
Cyclase activation in living rods
The time course with which Ca 2+ declines when channels close depends on the rate and K 1/2 of the Na + /Ca 2+ -K + exchanger (NCKX), the volume the outer segment, the calcium buffering capacity and the diffusion coefficient (Lagnado et al., 1992) . In large amphibian rods the decrease in calcium estimated from the exchange current has a principal time constant of ∼2 s (Cobbs and Pugh, 1987; Hodgkin et al., 1987) , while in small mammalian rods the decline is more than 10-fold faster (Makino et al., 2004) . Measurements of the concentration of calcium of the outer segment in the dark in rods of different species range from to 250 nM (mouse, Woodruff et al., 2002) , to 273 nM (toad, Korenbrot and Miller, 1989) , to 670 nM (salamander, Sampath et al., 1998) .
Strong cyclase activation occurs even during the SPR, restricting its amplitude and speeding its recovery: in mouse rods lacking calcium feedback activation of cyclase (GCAPs −/− ) the SPR has an approximately three-to fourfold greater amplitude than that of WT rods, reaching its peak amplitude and recovering much more slowly (Figure 2A ; Mendez et al., 2001; Burns et al., 2002) . While the increased amplitude of SPRs of GCAPs −/− rods results primarily from the absence of calcium feedback to cyclase, the slowed recovery is determined by the time constant of cGMP turnover (1/β dark = 245 ms), which becomes the rate-limiting step of recovery (see above; Nikonov et al., 2000; Gross et al., 2012b) . Gross et al. (2012b) . (B) Spatially integrated rates of cGMP hydrolysis (blue trace) and synthesis (red) during during the WT SPR, as computed with the spatiotemporal model fitting the WT trace in (A). The rate of cGMP hydrolysis plateaus quickly, while the rate of cGMP synthesis exhibits a brief delay followed by a slower, ramping climb to its maximum. Thick dashed lines indicate the coincident plateau and ramping phases of hydrolysis and synthesis, respectively. (C) The difference between the cGMP synthesis and hydrolysis rates for WT and GCAPs −/− rods. The rate of cGMP synthesis in GCAPs −/− rods remains constant (not shown) due to the absence of calcium feedback. Note that the zero-crossings of the traces in (C) correspond to the SPR peaks in (A). Vertical dashed line indicates time of WT SPR peak in all panels.
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INSIGHTS FROM A SPATIOTEMPORAL MODEL OF cGMP AND Ca
2+ DYNAMICS VALUE OF MATHEMATICAL MODELS OF THE SINGLE PHOTON RESPONSE
Mathematical models can contribute much to the understanding of cellular dynamics by compactly embodying current molecular knowledge, by yielding quantitative insight into key biological functions such signal gain and reliability, and by providing explanations of malfunction in disease or molecularly manipulated states (e.g., Boyett et al., 2000; Tao et al., 2011) . Models of phototransduction have contributed, for example, to the understanding of the molecular mechanisms of amplification of the light response (Pugh and Lamb, 1993) . For many years it has been understood and generally accepted that the entire time course of the rod light response should be describable in terms of a pair of coupled partial differential equations governing cytoplasmic cGMP and Ca 2+ with initial and boundary conditions, and with an appropriate kinetic model of R * and E * activation and inactivation (Lamb and Pugh, 1992; Andreucci et al., 2003) . The SPR has been an important target of this modeling, and perhaps no feature of the SPR has been more celebrated and yet more difficult to understand in molecular terms than its stereotypic amplitude: specifically, the measured coefficient of variation of the amplitude (SD/mean) is 0.2-0.4 (Baylor et al., 1979b; Rieke and Baylor, 1998; Whitlock and Lamb, 1999; Field and Rieke, 2002; Hamer et al., 2003; Gross et al., 2012a) , much lower than that (1.0) that would occur were the single R * underlying it to deactivate in a single stochastic step. Several models of the SPR have been published that address this issue (Rieke and Baylor, 1998; Field and Rieke, 2002; Hamer et al., 2003) , including several spatiotemporal models, i.e., models that include the diffusion of cGMP and Ca 2+ (e.g., Andreucci et al., 2003; Bisegna et al., 2008; Reingruber and Holcman, 2008; Caruso et al., 2010 Caruso et al., , 2011 Gross et al., 2012a; Reingruber et al., 2013) . In the following paragraphs we summarize some novel results that have come from developing and applying a "fully constrained" spatiotemporal model of phototransduction to the SPR of mouse rods with specific molecular perturbations to the phototransduction machinery (Gross et al., 2012a,b) , including fresh insight into the molecular mechanisms underlying its stereotypic amplitude. First, we state the principles, briefly explaining what is meant by "fully constrained."
GROUNDING THE MODEL IN BIOCHEMICAL AND BIOPHYSICAL MEASUREMENTS AND CONSTRAINTS
Given that solutions to the governing equations can be produced that adequately fit rod photoresponses, a critical question to be addressed before valid inferences can be drawn is "Are the parameters of the model well constrained?" Ill-constrained models, even if they accurately describe aspects of the data, can lead to ambiguous and even false inferences. Thus, every potential constraint from structure, biochemistry and experiment independent of the fitting process should be incorporated, such that in the ideal there are no truly "free parameters," i.e., parameters whose values are determined solely by fitting. As described above, the key spatial parameter D cG , rate parameter β dark , and the composite transduction gain were determined from independent measurements (Gross et al., 2012b) . The in situ lifetimes of the transduction amplifiers (R * and E * ) were incorporated from previous electrophysiological measurements of bright flash responses in genetically targeted mice (Krispel et al., 2006; Gross and Burns, 2010) , and kinetic parameters relating to Ca 2+ -dependent activation of NCKX and GCAPs were taken directly from biochemical studies. Dark and maximal cyclase activation levels were determined from experiments and analysis independent of fitting the shape of the SPR. The average lifetimes in situ of the amplifying enzymes R * and the PDE active complex (E * ) were determined from independent measurements from bright flash responses of genetically targeted mice.
The rods of molecularly targeted mice provide a rich body of individual constraints on model parameters. One of the most important such constraints came from rods lacking GCAPs: the absence of GCAPs completely eliminates calcium feedback to GC and thus uncouples parameters governing calcium dynamics from the rest of the phototransduction equations. Requiring the model of WT SPRs to employ precisely the same parameters as used to describe GCAPs −/− SPRs is highly constraining and informative (Gross et al., 2012b) , as the values for a only few parameters involved in calcium fluxes and buffering could then be constrained within biochemically determined limits, and then optimized by the fitting process.
CALCIUM-FEEDBACK ACTIVATED cGMP SYNTHESIS CONFERS TEMPORAL PRECISION AND AMPLITUDE STABILITY TO THE SPR
Several studies had previously concluded that calcium feedback to cGMP synthesis does not play a role in the reproducibility of the SPR (Rieke and Baylor, 1998; Whitlock and Lamb, 1999) , but this conclusion has proven to be inconsistent with work showing that reproducibility is degraded in GCAPs −/− rods (Gross et al., 2012a) . Investigation of the underlying cGMP dynamics using a spatiotemporal model revealed that a delay in cyclase activation relative to cGMP hydrolysis plays a critical role. At the beginning of the SPR (Figure 2A) , the rate of light-driven cGMP hydrolysis increases rapidly (Figure 2B ; blue), after which it begins to plateau as Ca 2+ declines steadily and the rate of calcium-sensitive cGMP synthesis rises along a ramp (Figure 2B ; red). The steepness of the synthesis ramp is roughly proportional to the plateau of the hydrolysis rate, so that the ramp overtakes the plateau of hydrolysis at nearly the same time, almost independent of the R * lifetime (Gross et al., 2012a) . This equilibrium between cGMP hydrolysis and synthesis corresponds to a net rate of change of cGMP of zero ( Figure 2C ) and so to the peak of the SPR. Thus, delayed, ramping calcium feedback activation of cyclase confers invariance to the SPR time-to-peak in mice with altered R * and E * lifetimes, and a result, to their SPR amplitudes.
CALCIUM FEEDBACK CONTRIBUTES SUBSTANTIALLY TO THE REPRODUCIBILITY OF THE SPR
It has long been hypothesized that late steps in biochemically feasible R * deactivation would greatly decrease SPR reliability "at late times," and that the only possible explanation for the observed high reliability would be a large number of small deactivation steps (Rieke and Baylor, 1998) . However, more recent work showed that a broad distribution of R * lifetimes ("noisy" rhodopsin) can be overcome by calcium feedback and generate reproducible SPRs.
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The very mechanism that explains "amplitude stability" of the SPR across genotypes also explains why late-stage R * deactivation steps do not decrease SPR reproducibility: specifically, when R * activity to be prolonged due to stochastic deactivation, delayed calcium feedback to cyclase ramps up to overcome the prolonged activity, stabilizing the WT SPR peak timing and amplitude. Modeling further reveals that, due to low-pass filtering of R * activity by the slow deactivation of E * , trial-to-trial fluctuations in the brief lifetime of R * (∼40 ms) can account for the full degree of "late-stage" variability observed beyond the peak of the SPR (>130 ms; Gross et al., 2012a) .
MEMBRANE FLUX TRUMPS INTRACELLULAR DIFFUSION FOR INTRACELLULAR CALCIUM DYNAMICS
For mouse rods with normal Ca 2+ feedback to cyclase, theoretical calculations suggest that the spatial extent of the fall in calcium concentration largely mirrors that of cGMP ( Figure 3A) . Interestingly, this similarity in spatial profiles is largely independent of the value of the axial diffusion coefficient for calcium (D Ca ) over the full range (0.1-10 μm 2 s −1 ) of physiologically plausible values, given relatively strong intracellular calcium buffering ( Figure 3B ). While the maximal depth of the calcium decline is slightly altered when D Ca is varied, the amplitude and time course of the simulated outer segment current response are not. The calcium profile is insensitive to D Ca because the local net flux of Ca 2+ through CNG channels and NCKX, which depends on the concentration gradient of calcium across the cell membrane, is much larger than what can be achieved through passive diffusion, given the relatively modest intracellular concentration gradient. To a first approximation, the magnitude of the exchange current is comparable to that of the Ca 2+ component of the CNG channel current after a brief delay (Lagnado et al., 1992) . Because Frontiers in Molecular Neuroscience www.frontiersin.org the CNG channel current is determined exclusively by cGMP concentration, calcium concentration is also determined by the cGMP concentration ( Figure 3C ). Thus the diffusion barriers present in the outer segment directly influence only the spatio-temporal dynamics of cGMP, and the spatio-temporal dynamics of cGMP determine the distribution of calcium during a light response. Apparently, the calcium feedback system provides a form of selfrestriction for the intracellular spread of the second messenger signal, contributing to linearity of the response by limiting overlap of signaling domains originating from multiple rhodopsin isomerizations.
SUMMARY
Application of biochemical, electrophysiological, and computational approaches to understanding the spatio-temporal dynamics of cGMP signaling in vertebrate rods has yielded very good general agreement about the biochemical rates and local diffusional constraints underlying the amplitude, time course, and reproducibility of the SPR. The unification of our understanding across different genetic perturbations in mice (e.g., Gross et al., 2012a) and across vertebrate species (e.g., Reingruber et al., 2013 ) is encouraging, but there is still a great deal of work to be done.
It is important to note that the single photon detection regime of rods constitutes only about three of the six orders of magnitude of intensities over which rods contribute to vision (e.g., Naarendorp et al., 2010) . With higher light intensities come fundamental changes in biochemical parameters, cGMP and Ca 2+ buffering, feedback mechanisms and cGMP dynamics. Future work will aim to build upon our understanding of spatiotemporal dynamics of cGMP signaling in dark-adapted rods by extending existing models to encompass known and new mechanisms of adaptation.
